In recent years, advanced composite structures are used extensively in many industries such as aerospace, aircraft, automobile, pipeline and civil engineering. Reliability and safety are crucial requirements posed by them to the advanced composite structures because of their harsh working conditions. Therefore, as a very important measure, structural health monitoring (SHM) in-service is definitely demanded for ensuring their safe working in-situ. In this paper, fiber Bragg grating (FBG) sensors are surface-mounted on the hoop and in the axial directions of a FRP pressure vessel to monitor the strain status during its pressurization. The experimental results
1 Introduction * Usage of cost-effective composite pressure vessels in a variety of areas such as fuel tanks on natural gas-powered vehicles [1] and containers in airplanes and spacecraft [2] is becoming more and more popular because, in addition to their excellent corrosion and fatigue resistance, they have superiority over their steel counterparts in strengthto-weight and stiffness-to-weight characteristics. However, composite pressure vessels often suffer damages under harsh working conditions. Thus, as an important tool, structural health monitoring (SHM) plays a key role to ensure their safety on the work. In the past years, although lots of non-destructive evaluation (NDE) techniques including ultrasonic scanning, acoustic emission (AE), *Corresponding author. Tel.: +86-451-86402328.
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hjc7712@163.com shearography, stimulated infrared thermography (SIT), vibration testing, etc have been developed [3] , there exists an urgent need for developing a new technique which can perform the on-line structural health assessment from production of composite structures to their actual service in situ.
A unique method has been provided to monitor in real-time the health status of composite structures by using smart materials and structures [4, 5] . Smart materials and structures have not only traditional structural materials' functions, but also actuating, sensing and microprocessing capabilities. In smart materials and structures, fiber optic sensors (FOSs) are widely used because of their many advantages [6, 7] . Among them, these sensors are so light in weight and small in size that they can be easily embedded in composite materials without degrading their structural integrity. Integrating FOSs in smart structures is an intelligent technology that will make engineers able to add nervous system to their designs, carry out damage assessments and impart extra capabilities to structures that would be very difficult for other methods to realize. In response to the requirements for smart structures, are being developed various techniques, amongst which application of FOSs holds most promise of future.
A series of sensors including piezoelectric sensors and FOSs have been embedded into composite materials to gain self-sensing capability [8] [9] [10] . Surface-mounted piezoelectric sensors have also shown some ability in damage detection [11] . There already have been some published works in the field of filament wound structures with embedded optical fiber sensors [12] . Applying FOSs to composite pressure vessels could allow vessels to "know" its pressurization and strain state, its temperature, or detect the presence of leaks or damage happened inside the structure.
In this study, fiber Bragg grating (FBG) sensors have been used to monitor the damage growth in a fiberglass reinforced plastics (FRP) pressure vessels.
Principle of FBG Sensors
A Bragg grating is a periodic change in the index of refraction of the core of an optical fiber. Its structure is shown in Fig.1 . Usually, FBG can be fabricated on the photosensitive (Ge-doped or hydrogen socked) single mode optical fiber by using the UV laser source 240-248 nm in wavelength. Basically, the principle of the FBG sensor is based on the measurement of the changes in reflective signals, which are the centre wavelengths of back-reflected light from a Bragg grating, depending on the effective refractive index of the core and the periodicity of the grating. According to the Bragg condition, the Bragg wavelength can be expressed as [13] B e f f 2n Λ λ =
where B λ is Bragg grating wavelength, Λ is grating periodic spacing, eff n is the effective reflective index of the fiber core. So the Bragg wavelength will shift with changes in either eff n or Λ . When an external mechanical or thermal deformation is imposed onto the grating area, the effective reflective index will change, so will the periodic spacing. The Bragg wavelength shift caused by the change of strain ( ε Δ ) and the change of temperature ( T Δ )
can be expressed in the form
where
where e p is an effective strain-optic constant. Λ α and n α are the thermal expansion coefficient for the fibers and thermo-optic coefficient, respectively. 
Experiments
The experimental set-up with a built-in FRP pressure vessel is shown in Fig.2 . Resistance Strain Gages (RSG) has been surface-mounted in the hoop and in axial the directions at the middle of cylinder. The FBG1 and FBG3 sensors are placed in the hoop direction, and the FBG2 FBG2 sensor is arranged in parallel with the axial direction. Fig.2 indicates their arrangement. The FBG2 and FBG3 sensors are connected to the Grating Interrogation system and FBG1 to the other one.
The photograph of FRP pressure vessel is shown in Fig.3 The hoop strains measured by the FBG sensors and RSG are shown in Fig.4 , from which the measured strains by the FBG1 and RSG run very close before the exerted pressure under 10 MPa. In contrast to it, the hoop strains measured by the FBG3 sensor are different, for which that FBG3 sensor is located a little far from RSG might be responsible. Thereafter, with the pressure increasing, the hoop strains measured by FBG1 and RSG begin going separate ways, probably, as a result of the strains of each point being different in the hoop direction of the cylinder. It is also noted that the higher the pressure is, the larger the difference between two records becomes. When the pressure approaches the burst pressure (20 MPa), the hoop strain measured by FBG1 is 9 215.61×10 -6 , by RSG is 12 368×10 -6 , by FBG3
is 5 116×10 -6 . The difference of the hoop strains at the burst pressure between FBG1 and RSG is approximately 25.5%, while the difference between FBG3 and RSG 58.6%. This might well be explained by the fact that RSG is situated closest to the burst spot, and FBG3 farthest with FBG1 between the two. Fig.5 shows a very close relationship of the axial strains measured by RSG and FBG2 when the pressure remains at a low level. Especially, as pressure ranges from 0 to 8 MPa, the axial strains measured by FBG2 and RSG even nearly coincide as shown in Fig.6 , possibly, because of the same elongation of the fiber before the pressure increased up to 10 MPa. When the pressure exceeds 10 MPa, the strains show a parting trend probably due to the elongation of the axial fiber becoming larger under higher pressure. Once the pressure comes to 20 MPa, the axial strain measured by RSG will be nudging 3 596×10 -6 , while by FBG2 is 3 012×10 -6 , up by 16.2% over that by RSG. The burst pressure vessel is shown in Fig.7 . Fig.7 Photo of the burst pressure vessel.
Conclusions
FBG sensors have been used to monitor the strain status of a FRP pressure vessel. The strains thus obtained are compared with those by RSG in experiments. The axial strains measured by FBG2 and RSG have a very good agreement. However, the hoop strains measured by FBG1, FBG3 and RSG show significant difference because of their different distances from the burst spot. Finally, the failure strain is recorded in the experiment. In the future, we plan to embed more FBG sensors in a composite pressure vessel to monitor its damage, meanwhile, use the of finite element method to analyze the strain state of the FRP pressure vessel enabling us to find a more satisfied explanation from the theoretical angle.
